Human papillomaviruses (HPV) are the etiological factors of many benign and malignant lesions localized in the skin and mucous membranes in the region of the urogenital organs and head and neck. Currently, most assays for the detection of HPV are based on detecting the presence of viral nucleic acids, mostly viral DNA. These molecular techniques can be divided into: 1) methods based on a targeted, selective amplification of nucleic acids, 2) signal amplification methods, 3) nucleic acid hybridization assays. This paper presents and explains a number of different HPV detection methods and provides examples of some commonly available commercial tests.
More than 150 types of human papillomavirus (HPV) are known. In the oral cavity, there are over twelve types, the most common being HPV 2, 4, 6, 11, 13, 16, 18, 30, 32 [1, 2] . Human papillomavirus infection in the oral cavity may lead to the development of three types of viral infections -clinical, subclinical, and latent infection -depending on the possibility to detect it. Overt infection leads to formation of macroscopic changes in the mucous membrane, accompanied by characteristic microscopic image of the affected tissue. Subclinical infection is characterized by the absence of macroscopic changes and subjective symptoms, while HPV infection can be confirmed on the basis of colposcopic, cytological, histological and molecular examinations [3] . Latent infection is, according to some authors, the most common form of infection, when clinical symptoms are absent and the diagnosis cannot be confirmed by histopathology or cytology [3, 4] . Such HPV infection does not cause morphological changes in the affected epithelium. Diagnosis of latent infection can only be established based on the positive results of molecular virological tests [4] . During latent infection the HPV replication cycle and its complete reproduction does not occur, because the amount of viral DNA in the infected tissues is small and it is found mainly in the parabasal layer of the epithelium [3] .
Infection with human papilloma virus can lead to a variety of changes in the mucosa, manifesting with different symptoms. Human papillomavirus is responsible for the formation of non-neoplastic changes, precancerous lesions. It is also detected in pathologically intact mucosa [5] . The frequency of HPV detection in normal-looking mucous membrane varies from 0 to 55% [4, 6] . This discrepancy may result from differences in methodology used for virus detection, site and method of sample collection, as well as from geopolitical differences in study groups and other environmental factors. Human papillomavirus is also detected in malignant tumors of the oral mucosa, and according to some authors it can play an important role in carcinogenesis [6, 7] . Table I shows the relationship between pathological lesions of head and neck, and various types of HPV.
High-risk (HR) HPV was proved to be an important factor in the development of head and neck squamous cell carcinoma (HNSCC), and cancers of the oral cavity and oropharynx in particular (Fig. 1) .
The role of HPV in carcinogenesis in the head and neck region is analogous to its role in carcinogenesis in the genital region. The role of HPV 16 and 18 in carcinogenesis is associated primarily with the oncogenic activity of E6 and E7 proteins. Formation of complexes between viral proteins (E6 and E7) and tumor suppressor proteins leads to the loss of their function, loss of control of the cell cycle and uncontrolled cell proliferation [8] . The viral proteins function in the cell cycle control system by interacting with proteins p16, p53 and Rb. This thesis is supported by the following arguments: the HPV virus tropism for epithelial cells and morphological similarity of the epithelium of the mouth and throat to urogenital epithelium, changes in the genome of human keratinocytes in in vitro studies, significantly (up to several times) higher presence of high-risk HPV DNA in premalignant conditions and squamous cell carcinoma of the head and neck in comparison with normal oral mucosa, the presence of the viral oncogenes E6 and E7 in tumor material, the need for expression of E6 and E7 proteins for sustaining neoplastic phenotype in tumor cell lines, and the interaction of viral proteins with oncogenic growth factors of the host [9, 10] . A separate group of HN-SCC has been defined, which includes HPV-related cancers characterized by different biology, gene expression profile, the frequency of P53 mutations and expression of p16. The biology of HPV-positive and HPV-negative tumors differs, among others, in p53 degradation (in HPV-positive cancers this protein is inactivated by E6 protein, in HPV-negative tumors by genetic mutation) and pRB pathway inactivation (by binding E7 oncoprotein and by cyclin D1 amplification, respectively) [11] . Moreover, expression of p16INK4A is highly correlated with human papillomavirus infection in head and neck squamous cell carcinoma, whilst HPV-negative tumors are characterized by a higher number of chromosomal alterations and amplifications, and are more frequently associated with P53 mutations [12, 13] . Significance of p16 in Site-specific HPV Positive and HPV Negative Head and Neck Squamous Cell Carcinoma. Some genes differentially expressed between HPVpositive and HPV-negative oropharyngeal cancer (e.g. TYMS, STMN1, CCND1, and RBBP4) are involved in chemotherapy or radiation sensitivity. The occurrence of HPV-related cancers is associated with: 1) significantly lower mean age of the patients, 2) significantly lower or no involvement of classical risk factors such as smoking and alcohol consumption, 3) a distinct factor describing this type of cancer is the history of sexual behaviors (higher number of partners and oral sex), 4) more aggressive metastasis to the lymphatic system of the neck, 5) better response to radio-and chemotherapy as compared with HPV-negative tumors, 6) better prognosis (less severe course and longer survival time), 7) low number of DNA mutations, 8) single small chromosomal aberrations, 9) long promotion (latency period) [15] .
Human papillomavirus-related cancers are characterized by fast growth, which is reflected in high Ki-67 proliferation index (Fig. 2) . Despite the fast tumor growth and more aggressive metastasis to the lymphatic system, HPV-related cancer patients are believed to have a better 5-year survival rate. Many factors can contribute to better treatment outcome: younger age of patients, better health status and increased sensitivity to radio-and chemotherapy. On the other hand, Duray et al. observed that high risk HPV positivity was correlated with a poorer prognosis in terms of a decreased 5-year disease-free survival rate compared with HPV-negative tumors [16] . Some authors hypothesized that treatment outcome of HPV-related tumors can be affected by the anatomical region. Studies that proved that better overall outcome is associated with HPV infection included patients with tumors of the oropharyngeal and tonsillar region. Gillison believes that tumors of the oropharyngeal region may have an etiology distinct from tumors at nonoropharyngeal sites [17] . It was also proved that smoking deteriorates outcome in patients with HPV-positive cancers [16] .
The role of low risk (LR) HPV in the development of HNSCC remains controversial. HPV 6 and 11 are risk factors for irradiation-induced malignant transformation of benign papillomas [18, 19] .
Human papillomavirus detection methods
The detection of HPV is heavily influenced by: site of the specimen collection (in the oral cavity, tonsil crypts at the junction of squamous and cylindrical epithelium are most sensitive to HPV), collection method (scrapings, swabs, biopsy, sections), storage and preparation methods (frozen at -80°C, fresh samples, specimens stored in formalin and embedded in paraffin) [8] . The test method itself is also of utmost importance. The techniques used for detecting HPV virus are shown in Fig. 3 .
Diagnostic techniques differ in virus detection sensitivity, labor intensiveness, complexity of the procedure, and costs. Methods based on the evaluation of cell morphology detect viruses with low sensitivity. They also depend on the quality of the collected specimen and the laboratory staff experience. With their use virus type cannot be specified [20] . Techniques based on detection of viral proteins are also insensitive, as well as time-consuming and cumbersome. This results from the course of HPV infection -late proteins, such as viral capsid proteins, can be detected only in clinically overt infections, while early proteins are present only in small quantities. Moreover, the quality, sensitivity and specificity of antibodies against viral proteins are insufficient.
In order to detect late viral proteins, antibodies against the bovine papilloma virus (BPV) are used, due to their cross-reactivity with late HPV proteins. Detection of early proteins E6 and E7 is possible due to the existence of anti-E6 and anti-E7 antibodies, but is limited to research projects only [21] .
Immunohistochemical methods also allow one to detect p16 and MCM 7 proteins with the use of specific antibodies [22] . During a clinically overt infection the virus particles are visible under an electron microscope [23] . Research studies on HPV virus detection demonstrated the presence of antibodies against viral proteins in immunoassay ELISA tests (enzyme-linked immunosorbent assay), as well as in tests using condensed E6/E7 viral proteins [21, 24] . Currently, however, there are no standardized methods for serological detection of HPV. Most of these methods are based on tests using virus-like particles (VLPs), with the major capsid protein L1. Recently, a new serological test using both viral capsid proteins L1 and L2 for the detection of HPV 16 and 18 has been developed [25] . Nevertheless, the detection of HPV virus is now mainly based on molecular techniques, using the process of hybridization and detecting genetic material of the virus. They can be divided into three main categories: 1) methods based on targeted, selective amplification of nucleic acids, 2) methods based on the detection of signal amplification, 3) nucleic acid hybridization assays. These include both high-sensitivity methods of HPV infections detection, using the polymerase chain reaction (PCR), and methods of low sensitivity, which include methods using in situ hybridization (ISH). Their advantages and disadvantages are shown in Table II . Some of these methods are used for investigation of various biomarkers associated with HPV infection such as HPV-DNA viral load quantification and integration, and E6/E7 expression, that can be useful in prediction of progression of HPV-related lesions [26] .
Target amplification-based methods
They are based on the PCR. Their application allows one to detect HPV, determine the amount of viral particles in the sample, sequence viral DNA and analyze mutations. They can also be configured to simultaneously monitor several different types of HPV using "multiplex PCR", where the reaction is carried out simultaneously with multiple pairs of primers specific for genes from different types of HPV. By using PCR-based methods it is possible to detect even a single copy of DNA per 10 cells [27] . 
Diagnostic methods for detection of HPV infection

Polymerase chain reaction
Theoretically, 30 cycles of PCR reaction allow one to multiply a single copy of the desired double-stranded DNA fragment into a billion copies, and the DNA used for the test may be partially degraded. This enables the analysis of even small amounts of blood, in vitro cell cultures, saliva, urine, samples taken during thin-needle biopsy or histological sections fixed and embedded in paraffin. Sensitivity and specificity of the method vary depending on the set of primers used, the size of the tested DNA, conditions of the reaction, the polymerase used, and the amount and type of the replicated HPV [21] . Universal primers are most commonly used for the diagnosis of HPV, enabling one to detect all types of HPV, as the replication sequences are located in a highly conserved L1 region. These are GP 5/6 primer pairs and their extended version GP 5+/6+, as well as MY 09/MY 11 and the modified version PGMY 09/11 [28] . Oncogene primers are also used: pU-1M corresponding to the E6 gene sequence, pU-2R corresponding to the E7 gene sequence, and CPI and CPII for the E1 region [29, 30] .
A kit detecting 13 high-risk types of HPV viruses with primer size of 170 base pairs (bp) complementary to the L1 region (Human Papillomavirus Amplicor test kit, Roche Diagnostics, California, USA) is commercially available [31] . Kits with shorter primers for the L1 region (65 bp for GP primers and 450 bp for MY 09/11) are also used, as well as a kit with 65 bp primers complementary to SPF10 [32] . Tests based on shorter primers are considered more sensitive and applicable also to partially degraded genetic material of the virus. Self-designed primers can also be used. It should be noted that studies based on non-commercial primer sets are not sufficiently standardized, and therefore cannot be compared with patented kits [33] . Polymerase chain reaction techniques may give false positive results due to the possibility of contamination of both sample and reagents with previously replicated amplicons. This problem can be eliminated by enzymatic destruction of the amplicons using uracil N-glycosylase (AmpErase) [31] .
Real-time polymerase chain reaction
Quantitative tests enable precise determination of the amount of the virus in a certain amount of test material. The amount of the amplified, fluorescently labeled product is measured in real time by special detection systems in a thermocycler. Real-time PCR is the most sensitive method for detection of HPV DNA [33] .
Nucleic acid sequence based amplification
Recently, HPV-RNA detecting methods are becoming more and more popular. They not only reflect the presence of HPV in the tested cells, but also provide information about the expression of the HPV genome. It is of great importance for the identification of clinically significant HPV infections. The commercially available test is based on real-time single-stranded RNA amplification, detecting E6/E7 region transcripts of HPV 16, 18, 31, 35 and 45 (HPV-Proofer PreTect, Norchip, West-Fjorden, Norway) [34] .
Transcription-mediated amplification
The APTIMA HPV assay, employing the TMA method for detection of viral E6/E7 mRNA for 14 types of HPV (16/18/31/33/35/39/45/51/52/56/58/ 59/66/68) is available. Target mRNA is isolated from the sample with a capture system, which uses magnetic microparticles. Capture oligomers contain sequences complementary to specific target regions of the HPV mRNA, and other parts of the deoxyadenosine chain. Complementary regions hybridize. Then oligomer/ target region mRNA complexes are captured from the solution by lowering the temperature of the mixture to room temperature to allow hybridization between the deoxyadenosine regions on the capture oligomer and poly-deoxythymidine of the molecule, which is covalently attached to a particle with magnetic properties. Magnetic particles, including 13 bound and captured target HPV mRNA molecules, are isolated from the reaction mixture by means of magnets. Human papillomavirus mRNA is then amplified with the TMA technique, which uses transcription of nucleic acid similar to NASBA. It utilizes two enzymes: reverse transcriptase and RNA polymerase. Reverse transcriptase is used to create a DNA copy of the mRNA target sequence, comprising a promoter sequence for RNA polymerase. T7 RNA polymerase produces multiple copies of the RNA amplicon from the DNA template [35] .
Reverse transcription polymerase chain reaction
Messenger RNA (mRNA) is used as a template for synthesis of cDNA (complementary DNA, containing only sequences from the mature mRNA, so the exons only), using reverse transcriptase (RT). The DNA is then amplified with a normal PCR reaction. This method is mainly used for detection of E6 and E7 gene transcription products. The major disadvantage of this method, and all methods based on the detection of viral RNA, is the lability of ribonucleic acid molecules. The sensitivity of these methods depends on the time, preparation method and storage of the samples [31] .
Amplification of papillomavirus oncogene transcripts (APOT) method
It allows one to distinguish HPV oncogenic transcription products integrated into the patient genome from episomal RNA [36] .
Polymerase chain reaction-restriction fragment length polymorphism
This method involves digestion of the amplified PCR products using restriction endonucleases and their analysis after electrophoretic separation on a polyacrylamide gel. The disadvantage of this method is that the analysis can only be performed on non-degraded, highly-purified DNA [31, 37] .
Nested polymerase chain reaction
A technique particularly useful when a sample contains a small amount of DNA templates. It is carried out in two stages. First, synthesis of a few long DNA chains is performed, containing the target fragment of the viral genome (so the study material is amplified). Then primers surrounding the tested fragment are added and other PCR steps follow [38] .
An overview of commercially available kits for detection of the HPV genome, including readout methods, is presented in Table III .
Signal amplification based methods
These methods increase the sensitivity of the assay due to the reaction occurring between the ligands that label a probe (fluorescent dyes, biotin or digoxigenin), and specific antibodies conjugated with particular enzymes (such as alkaline phosphatase or peroxidase). Following the addition of a substrate a colorimetric or chemiluminescent reaction occurs.
Branched DNA (bDNA) method
The assay is based on hybridization of synthetic oligonucleotides complementary to the target sequence of the HPV genome. The formed complex hybridizes with a synthetic, branched DNA molecules (bDNA), labeled with an enzyme. The resultant ternary complex is incubated with a suitable substrate with chemiluminescent properties, which leads to a chemiluminescent reaction, allowing one to measure the intensity of the reaction. This technique allows the detection of minimal quantities of test material. There is a commercially available assay produced by Bayer company [39] .
Hybrid Capture hybridization assay
The test uses RNA probes, which hybridize with the target HPV DNA. Then, RNA-DNA hybrids are detected by enzyme-labeled antibodies. The signal amplification is achieved through a set of antibodies conjugated with alkaline phosphatase. The outcome of the chemiluminescent reaction provides semi-quantitative results. Detection of HPV using Hybrid Capture 2 genetic probes (Digene Diagnostics, Gaithersburg, MD, USA) is a test recognized by the American Food and Drug Agency (FDA) in molecular diagnostics of HPV infections of the urogenital area. This test enables the classification of the detected viral genotypes into two groups: low risk viruses 6, 11, 42, 43, 44, and medium/high risk viruses 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68 . This assay has a high sensitivity. It can detect 5000 copies of viral DNA in one sample or 1 pg of HPV DNA in one sample. The disadvantage of this method is that it does not allow one to define different HPV types in the sample [40] . Presently, a third generation Hybrid Capture test (HC3) is available. The major difference between the generations of the assays is the use of biotinylated oligonucleotides in HC3 instead of antibodies against DNA-RNA hybrids. Due to biotin-labeled oligonucleotides specific for the selected HPV DNA sequences, the DNA-RNA hybrids are captured and combined in complexes with streptavidin coating plate wells. Such modification of the test reduces the risk of non-specific binding of DNA-RNA hybrids resulting from insufficient alkaline denaturation of samples [41] .
The Cervista test
This method is based on detecting the presence of HPV in liquid phase, using the so-called invad- 11, 16, 18, 26, 31, 33, 35, 39, 40, 42, 43,  44, 45, 51, 52, 53, 54, 56, 58, 59, 61, 62, 66,  68, 70, 71, 72, 73, 81, 82, 83 er assay, developed by Hologic (Cervista HR HPV/ Hologic). It enables the detection of high-risk HPV types and it consists of two parallel isothermal reactions [42] . The basic reaction detects the presence of high-risk HPV by hybridization of two oligonucleotides: invader oligonucleotide and an oligonucleotide probe, which are DNA fragments that do not contain biotin or any conjugated enzyme. This reaction is similar to that used in the HC2 assay, in which the RNA probe hybridizes with denatured HPV DNA. In the invader assay the two oligonucleotides hybridize together with the target HPV DNA sequence to form a triple structure due to the lack of complementarity between the terminal nucleotide sequence at the 3' end of the invader oligonucleotide and the probe fragment attached to the target viral DNA. A triple structure is thus created, which consists of the DNA-DNA duplex formed in the hybridization between the probe and the oligo DNA of the target HPV and overlapping of the DNA-DNA duplex of non-complementary invader oligonucleotide and the probe. This unusual structure, not normally present in the patient material, is therefore recognized by an enzyme with 5' nuclease activity, which cuts its fragment -a reporter DNA called "5' flap". The freed 5' fragment enables the detection of the signal in a subsequent reaction due to fluorescence resonance energy transfer (FRET). There is also another test based on the same methodology, manufactured by the same company, that detects HPV 16 and 18 (Cervista HPV 16/18/ Hologic).
Nucleic acid hybridization assays Southern blotting
It is a research method used for identifying new types of viruses [43] . It allows one to specify whether the tested sample of genetic material is episomal or integrated DNA. This technique detects up to 0.1 virus copies per cell. Southern blotting hybridization on solid phase (nylon membrane) can be carried out only on intact, full-size particles of the viral DNA and is therefore not suitable for the analysis of samples with partially degraded genetic material (sections, specimens stored in formalin) [33] . In order to obtain reliable results using this method it is necessary to analyze a large number of highly purified nucleic acids [21] . Commercial kits for the detection of HPV are not available, and the process of analysis is complicated (it requires a well-equipped laboratory with staff qualified in advanced laboratory techniques). Cloned genome HPV probes, often labeled with radioisotopes, are used for hybridization [43] . Some authors have suggested that the specificity of such hybridization may be higher than in methods using polymerase chain reaction, with sensitivity lower than in PCR [44] .
Northern blotting
Advantages and disadvantages of this method are similar to those of Southern blotting. It detects specific sequences of viral RNA. It is used to detect mRNA of HPV genes undergoing transcription in the cell [45] .
Dot blotting
This hybridization method is similar to the two aforementioned ones. The main difference is that in the dot blot method, the nucleic acids are not separated by using electrophoresis, but directly applied to the membrane, and immobilized on nylon or nitrocellulose membranes in the form of staining [43] . Total DNA or RNA, isolated from the test material, can be subjected to hybridization with molecular probes. The signal is detected if the probe recognizes a complementary nucleotide sequence. This method is also possible to perform in a reversed situation, where the probe is immobilized in solid phase, and the tested material is added in a solution. A major limitation of dot blotting in the detection of HPV is its low sensitivity [43] . Until recently, it was possible to apply kits manufactured by Digene -Virapap and Viratype. Currently, these products are unavailable [40] .
In situ hybridization
In situ hybridization (ISH) can be performed directly on bioptates and solid tissues (paraffin specimens), so it allows one to locate the target viral sequences in cell structures, and therefore to relate their localization to histopathological images. Using this method, messenger RNA (mRNA) of the virus can be detected, as a marker of expression of particular genes if the amount of HPV protein is low [46] . Nucleic acid probes for ISH are generally labeled with biotin, and they are usually detected by a specific labeled probe due to a reaction of streptavidin and a chromogen. The main limitation of this method is its low sensitivity -according to different authors ISH detects a minimum of 10 to 25 copies of viral DNA per cell [20] . Moreover, there is a risk of mistyping HPV due to the possibility of cross hybridization between the probes [5] . To increase the sensitivity, a method known as in situ PCR was introduced, joining ISH with PCR. In situ PCR is a polymerase chain reaction performed inside the cell. This technique is performed on fixed tissue or cells. The choice of fixative is essential for in situ PCR and may affect the sensitivity of this method. A good fixative should permit adequate amplification in the nuclei and prevent migration of the PCR product out of the cell. This method allows the identification of cellular markers and permits the localization of specific sequences within cells and tissues. Due to copy number limitations, hybridization of RNA is more sensitive than DNA detection [47] .
In this method, amplification of target DNA by PCR is initially carried out with primers for the L1 region nucleotide sequence. Then, oligonucleotide probes are added to the resulting, biotin-labeled amplicons and hybridization occurs. In order to obtain a color reaction, a conjugate of avidin with horseradish peroxidase is added and the absorbance of the sample is measured. The advantage of this method is its ability to detect inhibitors of amplification and improperly collected samples -a kit for β-globin gene amplification is attached [48] . There are various types of ISH, which differ primarily in the methods of probe labeling, and in the read-out systems.
Fluorescence in situ hybridization
In this technique, hybridization probes labeled with fluorochromes are used, and the images are observed under a fluorescence microscope [49] . Another type of ISH used for detection of HPV is chromogenic ISH [49] .
Chromogenic in situ hybridization
This technique uses labeled RNA or DNA probes to identify specific sequences of HPV genome in the investigated samples. Chromogenic in situ hybridization (CISH) uses conventional reactions of peroxidase or alkaline phosphatase, allowing the test result to be read under a standard optical microscope. The analysis can be performed on solid samples (sections, biopsies) stored in formalin, embedded in paraffin, fresh and frozen preparations. This is an alternative method to FISH (Table IV) . Some authors suggest that FISH is slightly more sensitive and specific than CISH [50] .
Two kits using ISH methods are commercially available: one using the indirect binding of streptavidin and biotin (Ventana Inform HPV Tucson, AZ, USA), and a second alternative set using Tyramide Signal Amplification (Dako GenPoint, Glostrup, Denmark) [51, 52] .
Summary
In summary, there are many different assays detecting the presence of HPV. Each of them has certain technical, analytical and clinical characteristics. That is why the choice between them should be made not only for practical reasons, but also according to the intentions of use. Although many studies have been performed, sofar there is no algorithm that is most appropriate for the detection of clinically relevant HPV infections and most reliable in assessing the prognosis of patients with HPV-related cancers. However, from a clinical viewpoint, in HNSCC tumors of primary location in the oropharynx, molecular diagnostics for the presence of HPV should be performed in addition to the classical histopathological examination. According to the National Comprehensive Cancer Network 2013 guidelines, immunohistochemical determination of p16 oncogene or detection of HPV DNA in the nucleus of the tumor tissue using ISH is recommended for prognosis determination in head and neck cancers [53] . The College of American Pathologists recommends performing assays monitoring the presence of HPV DNA in oropharynx squamous cell carcinoma depending on p16
INK4a expression in immunohistochemistry together with cancer morphology assessment. According to this association, confirmation of the presence of viral DNA is required for: • non-keratinizing or mostly non-keratinizing carcinomas, when immunohistochemical staining is negative or only focally positive, • keratinized carcinomas with a strong and (cytoplasmic and nuclear above 70%). There is no need to confirm the presence of HPV DNA in:
• keratinizing carcinomas with a negative or only focally positive reaction in immunohistochemistry, or: • non-keratinizing or mostly non-keratinizing carcinomas with a strong and diffuse immunohistochemical reaction.
Morphological assessment of HPV-related cancers is still essential in histopathological examination. In HPV-positive tumors, apart from confirmation of koilocytosis, it is obligatory to perform additional assays for detection of human papillomavirus proteins (being indirect proof of viral infection) or genome.
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